Recently, it has become evident that entry of some retroviruses into host cells is dependent upon a vesicle-localized, low-pH step. The entry mechanism of equine infectious anemia virus (EIAV) has yet to be examined. Here, we demonstrate that wild-type strains of EIAV require a low-pH step for productive entry. Lysosomotropic agents that inhibit the acidification of internal vesicles inhibited productive entry of EIAV. The presence of ammonium chloride (30 mM), monensin (30 M), or bafilomycin A (50 nM) in the medium dramatically decreased the number of EIAV antigen-positive cells. We found that a low-pH step was required for EIAV infection of tissue culture cell lines as well as primary cells, such as endothelial cells and monocytederived macrophages. The ammonium chloride treatment did not reduce virion stability, nor did the treatment prevent virion binding to cells. Consistent with a requirement for a low-pH step, virion infectivity was enhanced more than threefold by brief low-pH treatment following binding of viral particles to permissive cells. A superinfecting variant strain of EIAV, vMA-1c, did not require a low-pH step for productive infection of fibroblasts. However, lysosomotropic agents were inhibitory to vMA-1c infection in the other cell types that vMA-1c infected but did not superinfect, indicating that the entry pathway used by vMA-1c for superinfection abrogates the need for the low-pH step.
The glycoproteins of enveloped viruses bind to cellular receptors to facilitate entry. Following receptor interactions, enveloped viruses must induce membrane fusion to deliver the viral capsid into the target cell. Some viral glycoprotein-cellular receptor interactions can induce direct membrane fusion between the viral and cellular membranes that is independent of a low-pH step. Examples of such viruses are Sendai virus (10, 30) , human immunodeficiency virus type 1 (HIV-1), and human T-cell leukemia virus (20, 21) . In contrast, other enveloped viruses enter the cell through vesicle uptake and require an acidic environment to undergo cell-virus membrane fusion. Examples of low-pH-dependent viruses include influenza virus (39, 40) , alpha viruses (12, 39) , and rhabdoviruses (38, 39) . Recently, several retroviruses, including foamy virus (31), avian leukosis virus (8, 23) , and mouse mammary tumor virus (3, 35) , have been shown to enter cells through a low-pH mechanism.
To date, those lentiviruses that have been characterized for entry have been shown to productively enter cells through a pH-independent mechanism (21, 37) . In this study, we have explored the entry mechanism of equine infectious anemia virus (EIAV). Equine infectious anemia (EIA), caused by the lentivirus EIAV, is a worldwide problem that can cause high levels of morbidity and mortality in the equine population. In vivo, EIAV is primarily if not exclusively macrophage tropic; however, in vitro the virus is able to adapt to infect additional cell types, including endothelial cells and fibroblasts (24, 36 ). Here we demonstrate that EIAV entry into cells relevant to in vivo infection is sensitive to compounds that alter endosomal pH. Time course studies with vesicle pH-altering compounds demonstrated that neutralization of the early endosomal compartment resulted in EIAV virions being sequestered within endosomes, preventing productive infection. Washout of the compounds eliminated the inhibitory effect. This finding indicates that neutralization of endosomal pH results in sequestration but not degradation of the virions. We found that the EIAV glycoprotein on infected cells did not elicit membrane fusion under low-pH conditions. However, EIAV particles were more infectious at low pH, suggesting the EIAV envelope conformation in the viral particle is not the same as that found on the surface of infected cells. These results are in general agreement with the conclusions drawn by Jin et al. using independent experiments with a different strain of EIAV, as described in the companion paper appearing in this issue (14) .
MATERIALS AND METHODS
Lysosomotropic agents and endocytosis inhibitors. Ammonium chloride, monensin, and bafilomycin A were obtained from Sigma (St. Louis, Mo.). The following concentrations were used in the inhibition experiments: 10, 20, and 30 mM ammonium chloride, 30 M monensin, and 50 nM bafilomycin A. The ammonium chloride solutions were prepared from a 1 M stock, pH 7.4. The drug concentrations used did not affect the pH of the cell culture medium.
Cell lines and viral strains. Primary equine cells and equine cell lines were used to characterize the entry requirements for EIAV. ED cells, an equine fibroblastic cell line derived from dermal cells (ATCC CCL57), primary umbilical cord endothelial cells (UVECs), and primary monocyte-derived macrophages (MDMs) were used for infection. Cells were maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM) with penicillin and streptomycin. Medium was supplemented with 10% fetal calf serum for ED cells, 40% fetal calf serum for UVECs, and 15% horse serum and 15% newborn calf serum for MDMs.
Various tissue culture strains of EIAV were used in this study. Th.1 is a macrophage-tropic strain of EIAV obtained from the first viremic episode of a horse inoculated with a field isolate from Massachusetts (6) . MA-1 is an avirulent, tissue culture-adapted strain of Th.1 (6) . vMA-1c is a cytopathic, superinfecting strain of EIAV that was derived by serial passages of MA-1 in ED cells, as described in reference 18. pSP19 is a nonvirulent molecular clone of EIAV (29) . WSU5 is an EIAV strain from Washington State University that was derived from Wyoming strain and continues to be passaged in equine fetal kidney cells and back-passaged through ponies to maintain virulence (26) .
Generation and titer determinations of viral stocks. Viral stocks of MA-1, vMA-1c, and WSU5 were produced in ED cells. Th.1 stocks were produced in equine UVECs. SP19 stocks were produced by the transfection and passage of the molecular clone pSPeiav19 in D17 cells. Supernatants were harvested from cells that were Ͼ95% positive for EIAV antigen as determined by EIAV antigen immunostaining (19) . Supernatants were centrifuged for 5 min at 13,500 ϫ g to remove cell debris, aliquoted, and frozen at Ϫ80°C until needed. Viral titers were determined by infection of ED cells with serial dilutions of stock, followed by 75% acetone-25% water fixation at 40 h postinfection and anti-EIAV immunostaining of the cells as previously described (19) . The EIAV antigen-positive cells within the infected cell monolayer were counted, and titers were determined. In all experiments cells were infected with a multiplicity of infection of 0.005. The titers were determined in ED cells or UVECs for ED and UVEC experiments, respectively, and in UVECs for macrophage Th.1 experiments.
Detection of EIAV replication. EIAV infection was determined by immunostaining of viral antigens as previously described (19) . Acetone-fixed cells were immunostained with polyclonal horse anti-EIAV antiserum (1:800) from a longterm-infected horse (WSU 2085). This antiserum primarily recognizes envelope (gp90 and gp46) and Gag proteins, as well as Gag precursor polyproteins. Primary antiserum was incubated for 3 h at 37°C, followed by several washes with phosphate-buffered saline. Peroxidase-conjugated goat anti-horse immunoglobulin (1:800; Jackson Immunoresearch) was incubated as the secondary antibody for 45 min at 37°C. Peroxidase activity was detected with the substrate 3-amino-9-ethylcarbazole (Sigma).
MDM studies. To test for the ability of macrophage-tropic virus to enter cells in the presence of ammonium chloride, equine macrophages were isolated as previously described (9, 13) . The macrophages were seeded into a 48-well tissue culture dish and infected with Th.1 in the presence of increasing concentrations of ammonium chloride. At 18 h postinfection the ammonium chloride medium was removed and replaced with DMEM supplemented with 15% horse serum and 15% newborn calf serum to minimize cell toxicity. Supernatants from the infected populations were collected every 24 h, and a reverse transcriptase assay was performed (33) .
Studies with lysosomotropic agents. (i) Ammonium chloride. ED cells or UVECs were seeded onto a 48-well plate and allowed to grow to 95% confluence. The cells were then infected in the presence or absence of various concentrations of ammonium chloride. The cells were fixed and stained 40 h postinfection as described above.
(ii) Monensin. ED cells were seeded onto a 48-well plate and allowed to grow to 95% confluence. The cells were incubated with or without 30 M monensin for 30 min and infected in the presence of monensin. Six hours postinfection the medium was removed, the cells were washed with medium, and the medium was replaced with DMEM-10% fetal calf serum. The cells were fixed and stained 40 h postinfection as described above.
(iii) Bafilomycin A. ED cells were seeded onto a 48-well plate and allowed to grow to 95% confluence. The cells were then incubated with or without 50 nM bafilomycin A and then infected in the presence of the drug. Sixteen hours postinfection the medium was removed, the cells were washed, and the medium was replaced with DMEM-10% fetal calf serum. The cells were fixed and stained 40 h postinfection as described above.
Cell viability. ED, UVEC, or MDM cells were plated and treated with lysosomotropic agents as described above. Forty hours posttreatment, cell viability was monitored by ATPLite assay (Packard Biosciences) per the manufacturer's instructions.
Virion stability studies. MA-1 viral stock was incubated in DMEM-10% fetal calf serum or DMEM-10% fetal calf serum plus 20 mM ammonium chloride. The virion stock was maintained at 37°C and used to infect ED cells at various time points post-initial infection. The final concentration of ammonium chloride when diluted on the cells was 0.13 mM. The cells were fixed and immunostained for the production of EIAV proteins. The number of EIAV antigen-positive cells at the various time points following 37°C incubation was compared to the number of positive cells when the virus was immediately used for infection.
Virion binding studies. MA-1 viral stock was bound to ED cells at 4°C in cell medium or medium containing 20 mM ammonium chloride. Neutralizing anti-EIAV horse serum (1:30 and 1:300) was added as a positive control for binding inhibition. The viral inoculum and ammonium chloride treatment were removed after 1 h, cell medium was refreshed, and the cells were transferred to 37°C. The cells were fixed and immunostained for the production of EIAV antigens 40 h postinfection.
Ammonium chloride washout studies. ED cells were infected with MA-1 in the presence or absence of 25 mM ammonium chloride. The virus-containing medium was removed at various time points postinfection, and the cells were washed with citric acid buffer (pH 3) for 30 seconds to remove any surface virions. The buffer was removed, the cells were washed four times in fresh medium, and the medium was replaced. The cells were then fixed and immunostained for EIAV antigens as described above.
Ammonium chloride addition studies. ED cells were infected in the absence of ammonium chloride. At various time points postinfection 1 M ammonium chloride stock was added to the ED culture medium to a final concentration of 25 mM. The cells were fixed and stained 40 h postinfection as described above.
Low-pH-induced fusion. ED cells were incubated at 4°C and inoculated with MA-1 virus to allow binding, but not internalization. The multiplicity of infection was reduced to 0.0005 because titers were found to be higher when virus was allowed to bind at 4°C. The viral inoculum was removed 1 hour postinfection, and DMEM with decreasing pHs was added to the cells for 1 min. The low-pH medium was removed, the cells were washed, and new ED medium was replaced. The cells were incubated at 37°C for 40 h and then stained for EIAV antigen.
RESULTS
EIAV infection is inhibited by ammonium chloride. The dependence of vesicle acidification for EIAV entry was explored by adding ammonium chloride to the cell medium (Fig.  1A) . Ammonium chloride is a weak base that diffuses into the endosome and serves as a proton sink, thus inhibiting the acidification of the endosome (25) . Increasing concentrations of ammonium chloride, pH 7.4, were added to the cell medium. Ammonium chloride-treated ED cells were infected with four strains of EIAV or vesicular stomatitis virus G protein (VSV-G)-pseudotyped retroviral particles that served as a positive control (7, 31) . Ammonium chloride was maintained on the cells throughout the experiment. Forty hours postinfection the cells were acetone fixed and immunostained for EIAV antigen as previously described (19) . While EIAV did not appear to be as sensitive to ammonium chloride treatment as VSV-G-pseudotyped virions, the macrophage-and tissue culture-adapted strains of EIAV, Th.1, MA-1, WSU5, and SP19 showed a dose-dependent inhibition of replication (Fig. 1A) . On average, virus infectivity was reduced more than 90% by 30 mM ammonium chloride. These inhibitory concentrations are similar to those previously reported to inhibit the low-pHdependent entry of avian leukosis virus and influenza virus (23, 40) . Consistent with previous studies, inhibition of HIV entry was not observed in the presence of ammonium chloride (data not shown) (2) . The decrease in EIAV infection by endosomal pH neutralization suggested that EIAV enters ED cells through a low-pH-dependent mechanism. EIAV is the first lentivirus identified to be dependent on a low-pH step during entry. An ATPlite assay was used to determine cell viability in the presence of different concentrations of ammonium chloride. Although ammonium chloride reduced the cell viability by 25% at the highest concentration (Fig. 1A) , this effect did not account for the profound inhibition of EIAV entry.
A variant strain of EIAV, vMA-1c, exhibited a unique lowpH-independent phenotype in ED cells. vMA-1c has been shown to superinfect and induce syncytia and cell death in ED cells and primary equine fibroblasts, but not other cells, such as endothelial cells (18) . In parallel with wild-type EIAV strains, vMA-1c was tested for productive infection of ED cells in the presence of ammonium chloride (Fig. 1B) . Unlike the other EIAV strains, vMA-1c did not show a dose-dependent inhibition of infectivity. At higher concentrations of ammonium
chloride, a 25% reduction in vMA-1c infectivity was observed; however, this decrease closely correlated with the decrease in the number of viable cells present, suggesting that this superinfecting strain of virus did not require a low-pH step during infection of ED cells. Consistent with the possibility that vMA-1c enters the cell through fusion at the plasma membrane, vMA-1c was highly fusogenic, inducing prominent syncytia in ED cells at neutral pH (18) .
In contrast with our findings in equine dermal fibroblasts, both MA-1 and vMA-1c entry into equine endothelial cells (UVECs) was inhibited by increasing concentrations of ammonium chloride, indicating that the viruses entered UVECs in a low-pH-dependent manner (Fig. 1C) . Previous studies within the lab indicated that vMA-1c does not superinfect UVECs (W. Maury, personal communication). Thus, the ability of vMA-1c to enter cells in a pH-independent manner correlated with a loss of receptor interference.
Ammonium chloride inhibits EIAV at an early stage in the viral life cycle. The presence of ammonium chloride during the course of infection was observed to decrease the infectivity of the wild-type strains of EIAV. To determine if viral infectivity was reduced as a specific consequence of ammonium chlorideinduced degradation of virions, infectivity studies were performed with viral particles as well as in infected cells over time. The stability of the viral particles was determined by incubating the virus in medium or in medium with ammonium chloride at 37°C. Aliquots were placed onto ED cells at various times post-addition of ammonium chloride, and relative infectivity was determined by immunostaining the cells 40 h postinfection. The inoculum when placed on the cells had a final concentration of 0.13 mM ammonium chloride, which did not affect viral infectivity (data not shown). The decrease in MA-1 infectivity when no ammonium chloride was present closely followed the infectivity when the virions were incubated with ammonium chloride (Fig. 2A) . The similar levels of infectivity over time suggest that the ammonium chloride does not adversely affect the virion particles and that the decrease in infectivity seen in Fig. 1 was not due to virion instability in the presence of ammonium chloride.
In order to determine if the ammonium chloride inhibition altered the ability of virions to bind to cells, MA-1 virions were incubated with ED cells at 4°C in the presence or absence of ammonium chloride. The viral inoculum was then removed, the cells were washed, medium was replaced, and the cells were placed at 37°C. The presence of ammonium chloride during the binding step did not inhibit viral entry; however, increasing amounts of neutralizing anti-EIAV antibodies prevented viral infection (Fig. 2B) . Therefore, the ammonium chloride is inhibiting EIAV at a postbinding step.
To more clearly define the time frame of inhibition, time course experiments were performed with ammonium chloride. To establish the time frame of ammonium chloride inhibition, ED cells were infected in the presence of ammonium chloride and the compound was washed away at various time points postinfection (Fig. 2C) . The infectivity ratio presented at each time point represents the number of EIAV antigen-positive cells in the presence of ammonium chloride compared with the number of EIAV-positive cells in the absence of ammonium chloride treatment. If ammonium chloride was removed as late as 3 h postinfection, the compound had no affect of virion infectivity. This finding suggested that the internalized infectious virions remain stable during this time (compare Fig. 2A  and C) . Because the ammonium chloride was not affecting stability or binding of the virions, this suggested that virions were sequestered within a cellular endosome, and if the acidification block were reversed, the remaining virions could complete the infection of the cell. To complement the washout studies, ammonium chloride was added to MA-1-infected ED cells at various time points postinfection to determine when the compound was no longer effective at blocking infectivity (Fig. 2D) . Ammonium chloride was able to inhibit viral protein expression in more than 50% of cells when added to the cells within the first hour postinfection. Addition of ammonium chloride 2 hours postinfection inhibited 20% of the infectious virions, while addition of ammonium chloride 6 hours postinfection had no inhibitory effect. These findings were consistent with ammonium chloride treatment blocking early, postbinding events within the life cycle of EIAV. Low-pH medium enhances MA-1 infectivity. Low-pH-dependent viruses require an acidic environment in order for conformational changes that facilitate membrane fusion to occur. Some low-pH-dependent viruses can produce large syncytia when infected cells are added to permissive cells and are exposed to a low pH, presumably due to low-pH conformational changes in the viral envelope that facilitate fusion (23) . Incubation of MA-1-infected ED cells with uninfected ED cells did not result in cell-cell fusion when exposed to low-pH medium (data not shown). Some retroviral envelope proteins only become fusion ready in the viral particles after a cleavage event by the viral protease has occurred, producing the mature envelope protein (1, 32) . To determine if EIAV particle infectivity was enhanced by a low-pH treatment, viral particles were bound to ED cells at 4°C and then exposed to low-pH medium ranging from pH 3.5 to 6 (Fig. 3) . Bound viral particles exposed to medium at pH 4.5 or 5.0 produced three times as many EIAV-positive cells as cells treated with DMEM (pH 7.5). Thus, an acidic environment stimulated fusion of virus and permissive cells. 3 . Low-pH medium increases EIAV entry. MA-1 virus was bound to ED cells for 1 hour at 4°C. The medium was then removed, and low-pH medium was put on the cells for 1 min. The cells were washed, medium was replaced, and cells were incubated at 37°C for 40 h, after which they were fixed and stained. The level of infectivity was compared to that of the cells that were incubated with normal DMEM as a control. Data represent the means and standard errors of the means from three separate experiments performed in triplicate.
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LOW-pH EIAV ENTRY 14485 cin A, a vacuolar H ϩ -ATPase inhibitor (30) , and monensin, a carboxylic ionophore (17) , were removed 16 h and 6 h postinfection, respectively. This short treatment of cells with bafilomycin A and monensin reduced cell viability by approximately 30% (Fig. 4) . The bafilomycin A and monensin treatments inhibited MA-1 but did not alter vMA-1c infectivity appreciably in ED cells (Fig. 4) . VSV-G-pseudotyped retroviral particles were also found to be profoundly inhibited by the treatments, as previously reported (7, 31) . These findings confirm our observations with ammonium chloride that indicate the wild-type EIAV strains require a low-pH step for productive entry.
EIAV entry into primary MDMs is inhibited by ammonium chloride. In order to determine the entry requirements for EIAV in a cell type relevant to an in vivo infection, the impact of ammonium chloride on EIAV entry into primary equine MDMs was examined (Fig. 5) . MDM cultures were infected with the macrophage-tropic EIAV strain, Th.1, on the day of isolation of the cells in the presence of ammonium chloride for the initial 18 h of the infection. Following this initial treatment, ammonium chloride was removed to preserve cell viability over the course of the study. The infection was monitored by supernatant reverse transcriptase activity during a 6-day period. As we observed in ED cells, entry of Th.1 was inhibited by ammonium chloride in MDMs. At a concentration of 30 mM ammonium chloride, delayed kinetics of supernatant RT activity were observed and, at early time points, RT activity was reduced. However, at this lower ammonium chloride concentration the rate of virus production increased over time, presumably due to replication and spread of the limited number of virions that were able to enter during the initial infection step. Higher concentrations of ammonium chloride (50 mM) completely abrogated detectable levels of virus replication throughout the experiment. These data demonstrate that EIAV enters both cell lines and primary cells through a low-pH-dependent mechanism.
DISCUSSION
Our results provide strong evidence that EIAV enters cells through a low-pH-dependent mechanism and are consistent with studies performed by Jin and Montelaro (14) . Several lysosomotropic agents that prevent acidification of endosomal compartments through different mechanisms, such as the weak base ammonium chloride, the carboxylic ionophore monensin, and the H ϩ -ATPase inhibitor bafilomycin A, inhibited EIAV infection. The inhibition caused by ammonium chloride did not alter virion binding of cells but was only effective if the ammonium chloride was present during the initial 3 h postinfection. This finding indicates that the block occurs early during the viral life cycle following particle binding onto the cell. Since retroviral integration has been reported to occur between 4 and 12 h postinfection (4, 5, 15) , the ammonium chloride inhibition appears to be affecting a preintegration step, consistent with previous reports with other low-pH-dependent retroviruses (3, 23) . The kinetics of inhibition were very similar to the effects of ammonium chloride on avian leukosis virus A, a retrovirus that requires a low-pH step in order to productively enter target cells (23) . EIAV is the first lentivirus that has been described to require endocytosis into an acidic environment to mediate productive infection of target cells.
The acidic requirements of many low-pH-dependent viruses have been examined. Influenza virus requires an acidic pH of 5.2 to induce the necessary conformational changes that will result in membrane fusion (16), whereas Sindbis virus requires pH 5.8 (22) , and VSV requires a drop in pH to 5.9 (28) . The pH requirements for EIAV have not been precisely defined but appear to be optimal between pH 4.5 and 5. The lower pH requirements for EIAV fusion compared to VSV fusion may account for EIAV's decreased sensitivity to the various lysosomotropic agents. Within a given cell there are several populations of endosomal vesicles. It has been reported that 82% of the endosomal vesicles within epidermal fibroblasts are acidic, with an average pH of 5.1 and a range of pH 4.8 to 5.3, while the remaining vesicles are neutral, with an average pH of 7.15 (27) . The optimal pH between 4.5 and 5.0 is, therefore, physiologically relevant, because the low-pH environment required for EIAV fusion can be found within cellular endosomal vesicles.
The acidic environment required for EIAV entry is presumed to cause conformational changes in the envelope protein structure such that fusion events can occur. The pH- independent entry of HIV may be explained by the virus' utilization of both a receptor and a coreceptor. This two-step process may be sufficient for triggering conformational changes required for fusion (11) . Our findings that EIAV requires a low-pH step for entry supports a single-receptor model for EIAV entry which was recently identified (41) . Nef appears to be necessary for HIV's ability to productively enter cells when fusing directly with the plasma membrane (7). EIAV does not contain a Nef homologue and, perhaps as a consequence, requires endocytosis to productively infect.
The novel superinfecting strain of EIAV, vMA-1c, did not require acidification of the endosomal compartments to productively enter ED cells. However, a low-pH step was required for vMA-1c to infect cells that the virus does not superinfect. This finding suggests that vMA-1c may be able to enter ED cells through interactions with a cellular receptor or receptors that other strains of EIAV are unable to utilize and that vMA-1c is unable to utilize this pH-independent pathway for entry into other cell types. Alternatively, vMA-1c may utilize the same receptor as wild-type EIAV; however, it may not be under the same constraints as wild-type EIAV. For instance, vMA-1c contains 18 amino acid changes in the envelope protein compared to its parental strain as well as a truncation of the cytoplasmic tail. The changes in vMA-1c envelope protein may alter the conformation of the protein such that it no longer requires an acidic pH to induce membrane fusion. If this is the case, it is not currently clear why the vMA-1c particles are not low-pH independent in other cell types.
It has long been recognized that EIAV-infected cells do not induce syncytia when incubated with permissive cell populations. Here, we extend these observations by demonstrating that ED cells expressing viral envelope were unable to produce syncytia after exposing the cells to a low pH (data not shown). However, acidification of viral particles bound to permissive cells enhanced viral infectivity. The envelope transmembrane protein of EIAV contains a long cytoplasmic tail. It has been hypothesized that the envelope protein becomes fusion ready in the viral particle due to a cleavage event that removes part of the cytoplasmic tail, similar to the R peptide of murine leukemia virus (32, 34) . The particle specific cleavage event would be consistent with our findings. Furthermore, vMA-1c envelope protein contains a marked truncation of the cytoplasmic tail. This truncation may produce a fusion-ready TM that allows syncytium formation in infected ED populations.
In summary, the present study demonstrates that equine infectious anemia virus enters cells through an acidic vesicle. The superinfecting variant vMA-1c can superinfect cells through a pH-independent mechanism. The mutations found in the envelope of vMA-1c may mimic the conformational changes caused by the acidic environment that allow fusion to occur. Future examination of the mutations that promote pHindependent entry may give insight into the conformational changes required for virus-cell membrane fusion.
